A first molar with full crown preparation and three marginal configurations-chamfer, chisel, and shoulder with a bevel-was analyzed by the finite element method. The maximum, minimum, and shear stresses were plotted as a function of the radius along various horizontal planes. The chamfer geometry exhibited the most uniform stress distribution.
tinuum (or model) as an assemblage of a finite number of discrete structural elements interconnected at a finite number of points or nodal points. The finite elements are formed by figuratively cutting the original continuum into a number of appropriately shaped sections and retaining in the elements the properties of the original material. The analysis process consists of satisfying compatibility within each element and equilibrium conditions at the nodal points. By concentrating the equivalent forces at the nodes, equilibrium conditions are satisfied in the overall sense only. Local violations of equilibrium conditions within each element and at its boundaries could arise. The finite element appoach is, in a sense, equivalent to the minimization of the total potential energy of the system in terms of a prescribed displacement field. If the displacement field is defined in a suitable way, then convergence to the correct value will occur.
A computer program was written to evaluate the stresses in the axisymmetric model. The following information is needed for calculating the stresses:
1. the total number of nodal points, 2. the total number of elements, 3. a numbering system identifying each element, 4. the Young's modulus and Poisson's ratio associated with each element, 5. a numbering system identifying each nodal point, 6 . the coordinates of each nodal point, 7. the type of boundary constraints, and 8. the evaluation of the forces at the external nodes.
After these data are specified, the displacements, as well as the stresses, can be calculated immediately with the program. The program was checked for the case of a thickwalled cylinder under internal pressure, and 859 860 FARAH AND CRAIG the results of the stresses obtained by the finite element method agreed remarkably well'2 with the theoretical values given by Timoshenko and Goodier.13 The axisymmetric model of an idealized first molar was subdivided into 348 triangular elements, and a number was assigned to each element as shown in Figure 1 . The model was loaded with an axisymmetric load of 100 lb, and it was assumed that the model was fixed at the base. The three marginal configurations investigated were: a shoulder with a bevel, a chamfer, and a chisel, or feather-edge. Also, the effects on the stresses by the introduction of a pulp chamber were examined. The three marginal configurations, as well as the pulp chamber, are shown in Figure 1 . It also was assumed that for each marginal configuration the enamel was completely removed, and the dentin and gold were isotropic and homogeneous. The principal stresses, as well as the maximum shear stresses at the centroid of each triangular element, were calculated using the following material properties: (1) a modulus of elasticity for gold of 13 x 106 psi and a Poisson's ratio of 0.33; (2) a modulus of elasticity for dentin of 2.7 X 106 psi and a Poisson's ratio of 0.31; and (3) Figure 1 ).
The axisymmetric model was scaled down, by a factor of 6.3, to the size of an actual molar, and the stresses amin' amax, and Tmax were determined.
The stresses amin for the scaled-down model are plotted and compared with the stresses Omin in the actual-size model in Figure 9 .
Discussion
The introduction of the idealized axisym- metric model is based on some of the results obtained earlier14 on actual composite photoelastic three-dimensional models. Sectioning of the photoelastic models revealed that the shear stress distribution was fairly symmetrical on both sides of a plane passing through the middle of the molar. Symmetry in the shear stress also was observed in slices made along the long axis of the tooth. In Atlas on Tooth Form, Wheeler showed'5 that the diameter at the cervix measured mesiodistally or buccolingually was the same. Furthermore, the diameter of the crown of the mandibular first molar was also quite similar whether measured mesiodistally or buccolingually. These observations led to the introduction of the first molar as an axisymmetric idealization.
With the introduction of the axisymmetric model, a decision had to be made as to the number of elements needed to obtain reliable and consistent information pertaining to the stresses. In one instance the axisymmetric model was subdivided into 154 elements, in another into 348 elements, and in a third into 701 elements. The stresses obtained in the first instance were within 10% of those in the second. However, as the number of elements was increased to 701, the difference in the stress between the second and third instances was negliglible. This is an encouraging aspect of the finite element method, and it proved that reliable information can be obtained without using an excessively large number of elements.
In Figure 2 the variation in amin along lines A-B through M-N for the beveled shoulder geometry is shown. The Ormin stresses along the plane M-N had a constant value, which demonstrated that they varied little the further away the area was from the point of application of the load. In the proximity of the shoulder, the stress -nin increased from about -19 psi to more than -33 psi on line I-J. Lines A-B through G-H exhibit the same trends of stress distribution; that is, the compressive axial stresses were fairly constant throughout the dentin and in areas away from the dentin-gold interface. They decreased moderately as the dentin-gold interface was approached. Higher stresses were encountered in the gold portion of the model because of the higher physical properties of the gold. Figure 4 compares the minimum axial stresses of the three marginal configurations. Again the stresses along plane M-N for the three geometries were constant and of the same magnitude. The lack of a sharp increase in stress along line I-J of the chamfer and chisel edge geometry was noticed. Also, along lines A-B through G-H the stresses in the three geometries followed the same trend. The that the gold crowns acted as a strengthening mechanism to the dentin, and since less gold was used in the chisel edge geometry, the structure was weaker, and therefore the stresses were higher. It should be remembered that in each of these instances it was assumed that the enamel was completely removed. If the area between the margin of the shoulder and the margin of the chisel edge (Fig 1) had been replaced with enamel instead of dentin, the stress distribution of the three geometries would have had similar trends and been of the same magnitude, except in the immediate vicinity of the shoulder; this is due to the fact that the modulus of the enamel as reported by Craig, Peyton, and Johnson,16 and Hall et al'7 is approximately equal to the modulus of gold. Craig, Peyton, and Johnson reported the modulus to be about 12 X 106 psi, whereas Hall et al put it in the range from [11] [12] x 106 psi. In the first instance, the modulus was found by means of static mechanical testing, whereas in the latter ultrasonic techniques were used. Similar observations can be made from Figures 3 and 5 , where the maximum radial stress was plotted as a function of the radius. The discontinuity across the dentin-gold interface was of a lesser magnitude because equilibrium had to be satisfied in the radial direction. An exception was observed in line G-H where the radial stress was quite different at the dentin-gold interface. This exception is a result of the proximity of line G-H to the shoulder, that is, of right angle geometry.
Pronounced changes in the maximum radial stress from tension to compression were noticed in areas near the shoulder and the dentin-gold interface, and it is believed that smaller subdivisions of the elements in that area would be necessary to obtain a more precise measure of the stress.
A constant value of the maximum shear stress along line Al-N was observed ( Fig 6) .
The Tmax stresses followed the same trends as (Jmin stresses as explained previously with regard to Figure 2 .
In Figures 7 and 8 the amin and Tmax stresses were plotted as a function of the radius for the axisymmetric model with the shoulder geometry and with a pulp chamber. In both instances the stresses followed much the same pattern, except, as would be expected, they were slightly higher for the model of the molar with the pulp chamber.
Finally, the idealized axisymmetric model was scaled-down to the size of an actual molar, and the maximum axial stresses were plotted and compared to the maximum axial stresses in the oversized model (Fig 9) . The scaling was done in order to draw some conclusions and correlations between the oversized model and an actual molar subjected to the same loading conditions. In scaling, the radial coordinates (r, z) of the oversized model were divided by a constant, in this instance equal to 6.3, which was equal to the number of times the original model was amplified. The original model was oversized to relate the stresses obtained by the finite element method to those obtained by the method of three-dimensional photoelasticity.14 The scaling-down did not alter the trends of the stress distribution, but the magnitude of the stresses was forty times higher. The magnitude as well as the direction of-the stress at the dentin-gold interface is of great interest, because this knowledge would help determine the kind of cement to be used or could provide the reason why failure might occur at the interface. The maximum shear stresses of the scaleddown model, having the shoulder geometry in areas near the dentin-gold interface, varied from 138 to 487 psi in the dentin and from 505 to 974 psi in the gold crown (Table) .
The higher values of -max were located in each instance in the region where a sudden change in geometry occurred. These values of the shear stress at the dentin-gold interface are interesting in view of the fact that the tensile and shear strengths of dental cements fall in the range of 200 to 1,000 psi. The cement is, therefore, the weak link in any cemented dental restoration and any failure will most likely be caused by it. Also, when examining the stresses in adjacent elements on either side of the dentin-gold interface, a rather steep stress gradient was observed. For example, along line C-D the axial stress, amax for elements 140 and 64 was approximately 110 and -90 psi and for elements 165 and 82 along line G-H the axial stress was 110 and -105 psi, respectively. Higher stress gradient values occurred at the shoulder, that is, at the area where the geometry changed most rapidly. These high radial stress gradients combined with the maximum values of the shear stress could cause failure of a restoration because of failure in the cement. j Dent Res July-August 1974 In the chamfer geometry model, the radial stress gradients would be of small magnitude. The axisymmetric model is an idealized model considered under ideal loading conditions. Under these idealized conditions, the chamfer geometry exhibited the most acceptable trends of stress distribution, that is, it lacked acute stress concentration areas, followed by the shoulder and the chisel edge configuration. It also was shown that even under these idealized loading conditions the maximum shear stresses were equivalent to or greater than the maximum tensile and shear strength of most dental cements. Since ideal conditions, such as complete symmetry in geometry and loading, rarely occur in the oral environment, it could be concluded that far more critical stress concentrations can occur in the mouth, causing the cement to fail and the subsequent failure of the restoration.
Conclusions
The use of an idealized axisymmetric model proved to be a sound approach for obtaining approximate, yet reliable, information concerning the stress distribution in a dental model with different marginal configurations. Compared with the photoelastic or strain gauge methods, the finite element method has the advantage of providing a detailed evaluation of the complete state of stress in the dental model. A relatively small number of elements strategically located can provide sufficient yet accurate information concerning the state of stress in the model. It was found that the change in marginal configuration of the crown affected the stress distribution only in regions in the immediate vicinity of such change. The chamfer geometry exhibited the least amount of axial, radial, and shear stress at the margin, followed by the shoulder and the chisel edge geometries, both of which did not differ much except at points immediately under the shoulder. Furthermore, the maximum shear stress in the actual size model at the dentin-gold interface ranged from 138 to 487 psi in the dentin and 505 to 974 psi in the gold. This shear stress is of the same magnitude of most cements used in dentistry and suggests the possibility of failure of the cement at the interface. Moving from the dentin to the gold, the maximum radial stress gradient varied from values as low as 9.8 psi in the dentin and -17 psi in the gold to as high as -432 psi in the dentin and 367 psi in the gold in adjacent elements. Such large radial stress gradients will contribute to the failure of the cement, since dental cements are relatively weak in tension.
In an idealized model, having a symmetrical geometry and well-distributed loading, changes in the marginal configuration have little effect on the stress distribution as a whole, but significant stress gradients occur at the dentin-gold interface which could cause failure of a restoration because of failure of the cement.
